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Introduction
Idiopathic trigeminal neuralgia (ITN), a chronic and stubborn disease, profoundly diminishes the quality of life of patients [1] . The clinical presentation of ITN includes severe, recurrent pain in the head, face, lips, and teeth. The pain typically lasts for several seconds and is then spontaneously alleviated. It occurs and disappears suddenly, with no discomfort in the intervals between pain episodes [1] . Among the various treatments currently available for ITN, radiofrequency thermocoagulation has been reported to have the greatest effectiveness [2, 3] . The key to the success of radiofrequency thermocoagulation is the accurate cannulation of the foramen ovale by inserting the needle to the appropriate depth. However, conventional foramen ovale cannulation via the Hartel anterior approach is associated with a failure rate of 1% to 5% and an error rate of 5% to 7% [4] [5] [6] . C-arm radiography can be used to visualize the foramen ovale [7, 8] , and computed tomography (CT) and neuronavigation are used to guide the percutaneous cannulation of the foramen ovale for radiofrequency thermocoagulation. The position of the needle tip may be ultimately confirmed by radiography or fluoroscopy in frontal (submental vertex view) and lateral planes [6] . However, these imaging methods are relatively complex and expensive and involve irradiation from x-rays (to both patients and operators); they are hence not widely applied in treating trigeminal neuralgia [9] .
Ultrasound is a commonly used tool for image-guided percutaneous cannulation procedures. However, the quality of ultrasound images of the foramen ovale is easily affected by multiple factors, owing to which the foramen ovale may not be clearly displayed on ultrasound. Fortunately, with improvements in minimally invasive techniques and computer-assisted threedimensional (3D) volume reconstruction, ultrasound images can be superimposed with CT/magnetic resonance (MR) images by using navigation techniques. In this way, CT/MR data can be used to improve the resolution of two-dimensional ultrasound and help position instruments and guide percutaneous cannulation procedures [10, 11] . However, good-quality research is needed on 3D visualization techniques based on combined ultrasound and CT/MR data [12] . Therefore, the present study aimed to determine the feasibility and accuracy of the percutaneous cannulation of the foramen ovale under the guidance of virtual navigation with multimodality images in a self-designed anatomical model of human cadaveric heads.
Materials and Methods

General Data
Five cadaveric head specimens treated with conventional embalming technology (methanol) were provided by the Department of Anatomy, Guangzhou Medical University. The present study was approved by the ethics committee of the First Affiliated Hospital of Shenzhen University (Shenzhen Second People's Hospital).
We used a 128-slice dual-source CT scanner (Siemens, Munich, Germany), a color Doppler ultrasonic diagnostic apparatus (MyLab TWICE, Esaote, Genoa, Italy), and high-frequency probes (LA332, Esaote) in this study. The frequencies used were 3 to 11 MHz. An imagefusion system (Virtual Navigator, Esaote), a position transmitter, a sensor, and a puncture needle (E-Trax) were also used.
Methods
The cadaveric head was placed in the supine position and fixed. Thin-slice axial CT scanning with a slice thickness of 0.6 mm was used for plain scanning of the area between the mandible and the superciliary arch. The images thus obtained were stored in magneto-optical disks in the DICOM format. The data on the magnetooptical disks were inputted into the image-fusion system of the ultrasound apparatus (Esaote) for 3D reconstruction. The foramen ovale and important surrounding structures (cavernous sinus, Meckel's cave, and internal carotid artery) were marked with different colors. The image fusion system was used for virtual navigation. After registering the position transmitter, sensor, and antenna in the navigation system, we selected points on the surface of the specimens for comparisons between the ultrasound and CT images. For instance, the right and left superior orbital fissures and optic nerves were used as landmarks for the fusion of the ultrasound and CT images and to confirm the accuracy of image fusion. The fused images could dynamically display the foramen ovale, which could not be visualized using ultrasound alone. The foramen ovale was set as the target, and the corresponding sites and routes of cannulation were selected. Generally, a point 3 cm lateral to the labial commissure was selected as the puncture site. Routine anatomical landmarks for percutaneous cannulation of the foramen ovale could be observed in different cross sections. In addition, the distance and angle from the puncture site to the foramen ovale could be measured to help design a surgical plan and prepare for the cannulation.
An E-Trax needle tip tracking system was used, and the image fusion system (MyLab TWICE) was fixed to the tip of the needle. Then, an ultrasound plane that was able to reveal the foramen ovale and the puncture point was determined using the image fusion system (Virtual Navigator, Esaote) combined with the Hartel anterior approach, in which the foramen ovale and puncture point formed a unique and accurate puncture path. According to the Hartel anterior approach, automatic tracking was performed on the basis of the relative positions and angles of the foramen ovale and E-needle tip tracking needle, as shown by real-time navigation with the image fusion system (Virtual Navigator). During navigation, the extension of the puncture guide line in that plane had to be exactly pointed to the target, and the puncture needle had to be in the same plane with the ultrasound cross-section, at which the puncture guide line presented a green pencil shape; otherwise it presented a white pencil shape. With the guidance of virtual navigation technology, it was possible to display the needle tip in real time and dynamically adjust the E-Trax-guided puncture needle to slowly reach the target position, that is, the foramen ovale, along a predefined route (Figures 1 and 2 ). During puncture process, the puncture needle was required to remain in the same ultrasound plane and proceed along the puncture path.
Thus, the puncture needle could be inserted to the foramen ovale ( Figure 2 ) according to the preset puncture target and path ( Figure 1 ). When the navigation system showed that the needle was near or inside the foramen ovale, a feeling of "giving way" suggested that the cannulation was successful. For all cadaveric heads, CT scanning was performed immediately after the cannulation to confirm that the procedure was successful.
The mean irradiation dose was measured using the ionization chamber method [13] . Time from starting imaging and confirmation of successful cannulation was recorded.
Results
CT/ultrasound image fusion was successfully performed for all five cadaveric heads (10 foramina ovalia), and the success rate of image alignment was 100% (Figure 2 ). Under the guidance of real-time virtual navigation, all 10 foramina were successfully cannulated, as confirmed by postprocedural spiral CT scan (Figures 3 and 4) .
There was one case of positioning failure. When we performed the left positioning in the first case, we failed to locate the needle tip. It was because after being treated with formalin, the ultrasound imaging of the cadaveric head showed some differences compared with that of normal human and the operator lacked experience in scanning cadaveric heads, which led to the incorrect identification of the target and insecure fixation of the Figure 1 The target and route of cannulation as determined using fused CT/ultrasound images. The pencilshaped shadow shows the puncture needle, and its tapered end shows the needle tip. The circle shows the foramen ovaledisplayed on a CT image. Virtual Navigation for FO Cannulation cadaveric head, resulting in positioning failure. Positioning was repeated in this case after using a headstock to fix the cadaveric head, as well as orbital fissure and optic nerve positioning with image fusion. We subsequently achieved one-time positioning in bilateral puncture of all five cadaveric heads.
The time for successful cannulation of the five specimens was 30, 28, 20, 15, and 10 minutes, respectively, on the left side, and 26, 25, 22, 12, and 13 minutes, respectively, on the right side. The mean irradiation dose to the five cadaveric heads during CT scanning was 0.26 mSv.
According to the regional medical cost, multimodal image fusion navigation technology is guided by ultrasound, and about one-third of the price of CT.
Discussion
The usual procedure of the Hartel puncture by anterior approach in an actual patient is as follows. The patient is in supine position, with shoulder elevated and head back. Three cm at lateral mouth angle is denoted as point A, 2.5 cm at anterior external acoustic foramen is denoted as point B, and a site below the ipsilateral pupil is denoted as point C. Then, the AB and AC lines are drawn. The needle is inserted at point A, with its tip pointing to the ipsilateral pupil and its body maintaining at an angle that passes through AB and AC and is perpendicular to the face. The needle is inserted 6 to 7 cm, and the patient may show symptoms similar to trigeminal neuralgia when the needle tip is close to or enters into the foramen ovale. When the core needle is pulled out, a small amount of clear cerebrospinal fluid outflow is visible in some patients, indicating appropriate puncture location and suitability for radiofrequency treatment [14, 15] .
The Hartel puncture by anterior approach is recognized as a secure puncture path and has been widely used in clinical practice for many years [14, 15] . The internal carotid artery travels at the medial rear part of the foramen ovale and is absent from the puncture path of Hartel puncture by anterior approach, and is thus unlikely to be injured.
Imaging guidance techniques are crucial for the minimally invasive treatment of trigeminal neuralgia and play several important roles in preoperative evaluation, guided cannulation, treatment monitoring, and therapeutic outcomes assessment [16, 17] . Commonly used imaging guidance methods include ultrasound, x-ray examination, CT scanning, and MRI. Ultrasound has several advantages over the other modalities, including real-time display and ease of operation, and has thus been widely applied in clinical practice. However, the quality of ultrasound images is easily affected by the location of the lesions, gas, and bones, position of the patient, and experience of the operator. Thus, the display of the target sites may be suboptimal, and therefore this technique may not be able to accurately guide percutaneous cannulation. In contrast, x-ray examinations, CT, and MRI are not affected by such factors, and thus their image quality is generally stable. However, in clinical practice, using a C-arm x-ray machine or CT scanner for guiding stereotactic foramen ovale cannulation involves a long irradiation time and cumbersome equipment, which limits the convenience of the operation. In addition, repeated irradiation from xrays to patients and clinicians is a concern. In our hospital, the mean irradiation dose for patients and clinicians during C-arm radiography-guided cannulation of the foramen ovale was 0.74 mSv. Furthermore, both the clarity and resolution of MR images of the foramen ovale are insufficient. In addition, MRI is very expensive, and thus the practicality of this method is relatively low.
Due to restrictions in image formation, acquisition, and display, as well as variations in the sensitivity and resolution of different imaging modalities in displaying different tissues and molecules, each imaging method has its own scope and limitations. Therefore, a single imaging method may not meet all clinical requirements. Especially in the case of percutaneous cannulation procedures, the target site and route may not be displayed simultaneously, which could affect decisions regarding the cannulation route and alter the puncture angle to a certain degree. These alterations may result in inaccurate cannulation and a high dependence on the operator's experience. The use of computerized techniques to merge images obtained from different medical imaging devices may overcome some of these drawbacks. After the images have been overlapped, complementary information may be obtained to compensate for the limitations of each single imaging method [18, 19] . Thus, image fusion not only improves the accuracy and completeness of clinical diagnosis and treatment, but is also of great importance in stereotactic surgical navigation.
The risk associated with the conventional Hartel approach, even with fluoroscopic guidance, is potential injury to vulnerable vascular or other soft tissue structures close to the planned trajectory. This issue could be solved by the multimodality image fusion virtual navigation technology utilized in this study. During positioning after image fusion, the puncture plane was determined, on which the puncture insertion site and target were determined. The foramen ovale and puncture point form a unique and accurate puncture path on the same plane. When puncturing, the puncture needle was strictly controlled on the preset paths in the same plane (the puncture guidewire is presented as a green pencil shape when the puncture needle was in the same plane; otherwise it presented a white pencil shape) and thus could be accurately guided to the target without damage to the surrounding tissues and structures (internal carotid artery). In addition, after the first unsuccessful puncture because of the lack of experience, stable head supports were used to maintain the head in the proper position. In the clinical setting, such supports should ensure that the right path is taken.
Virtual navigation with multimodality image fusion utilizes image fusion and location tracking techniques and is a new method combining ultrasound images with other images (such as CT and MR images) to achieve dynamic observation. This technique uses electromagnetic inductors on ultrasound probes and electromagnetic transducers of virtual navigation systems to enable spatial location tracking. Cross-sectional images from CT and MRI can be inputted into this system to provide volume information. After this, the system can combine the position information from ultrasound images and the original volume images. By matching the ultrasound images with CT or MR images, the system can determine a corresponding spatial location and crosssections of CT/MR images can be displayed along with the moving ultrasound probe. In addition, images from other techniques can be used to compensate for missing ultrasound images and improve the accuracy of positioning. Furthermore, magnetic navigation techniques can be utilized to predefine the target and design virtual electrodes and cannulation routes on real-time ultrasound images. This technique can greatly improve the success of ultrasound-guided foramen ovale cannulation, accurately display the target area, enable a precise diagnosis, and improve the safety and standardization of treatments. Additionally, the technique could further simplify operation procedures [20] .
Conventional ultrasound cannot clearly display the foramen ovale in the skull base. As the foramen ovale is located deeply and is surrounded by osseous structures, which ultrasound waves cannot penetrate, the location of the foramen cannot be displayed using ultrasound. With the help of virtual navigation with multimodality image fusion, the foramen ovale could be clearly displayed during ultrasound. Moreover, the cannulation route could be defined according to the conventional Hartel anterior approach, thereby improving the accuracy of the procedure. In this study, all punctures were performed smoothly and accurately, as shown by the fused ultrasound and CT images. These findings suggest that this virtual navigation method could greatly improve the accuracy of clinical foramen ovale cannulation and reduce the risk of damaging important surrounding structures, such as blood vessels and nerves.
Virtual navigation with multimodality image fusion not only provided a new simple, rapid method for treating ITN with foramen ovale cannulation but also broadened the field of minimally invasive precise treatment of trigeminal neuralgia. Therefore, this method has unique advantages as compared with the use of multiple imaging devices. We consider that this method can further reduce operating time, irradiation dosage (the mean irradiation dose to the five cadaveric heads during CT scanning was 0.26 mSv), and risk of complications [21, 22] . In addition, using this technique could help standardize treatment procedures [23] . Especially in circumstances in which conventional ultrasound techniques cannot accurately guide puncture procedures, virtual navigation with multimodality image fusion offers unique advantages [24, 25] . Finally, the virtual navigation method can also reduce the cost of the operation. The cost of virtual navigation with multimodal image fusion is about one-third the cost of CT. However, virtual navigation with multimodality image fusion still has several limitations: 1) the accuracy of this method depends on the volume data of high-quality CT images; the image matching is more accurate when the scanning slices are thin; 2) during the cannulation, specimens should be in an identical position as in CT scanning to avoid errors; and 3) the navigation system must be adjusted repeatedly to match the ultrasound and CT images before guiding the procedures, and thus this method is time-consuming. In addition, in the clinical setting, pain to the face and square wave stimulation can be used to determine whether the appropriate treatment location has been reached, which was of course impossible with cadaveric heads. Additional studies are necessary to address these issues.
This study is not without limitations. Indeed, it was a pilot study performed in embalmed heads, which are associated with blurred imaging. In addition, the operator had no experience with the puncture methods and real-time monitoring of the puncture path, which resulted in a relatively long puncture time. Nevertheless, the puncture time showed a decreasing trend with increasing experience and approached the conventional puncture time. We believe that with experience the puncture time will be significantly shortened in the future.
In summary, virtual navigation with multimodality image fusion is a new guidance technique with the advantages of simplicity, safety, and low cost. We suggest that this technique should be widely applied in clinical practice.
